ADDITIONAL INDEX WORDS. cuticle, embryo development, enzyme-linked immunosorbent assay, seed pretreatment ABSTRACT. Changes in endogenous abscisic acid (ABA) concentrations were investigated in developing seeds and the pretreated seeds of Calanthe tricarinata, a hard-to-germinate terrestrial orchid. ABA concentration was as low as 2.16 to 2.26 ngÁmg -1 fresh weight at the proembryo stage [60 to 90 days after pollination (DAP)] and then continuously increased to 11.6 ngÁmg -1 fresh weight at 210 DAP. Seed maturation was accompanied by a dramatic decrease in water content and a prominent accumulation of protein and lipid bodies within the embryo proper. The optimum time for asymbiotic seed germination was obtained from immature seeds at 150 DAP. At this stage, the embryo proper reached its maximum size, and the seedcoat became dehydrated and gradually shrunk into a thin layer. By 180 DAP, seed germination declined sharply as seed approached maturity. Mature seeds pretreated with ultrasound (45 min), 1% NaOCl (45 to 60 min), or 1N NaOH (45 min) were effective in improving the germination percentage and lowering seed ABA concentrations. Our results suggest that high concentrations of endogenous ABA in orchid seeds may play a critical role in arresting embryo growth and in preventing seed germination.
The flowers of Calanthe tricarinata, one of the most beautiful native terrestrial orchids in Taiwan, have deep-green sepals and petals with a scarlet labellum. This species has shown potential in the nursery trade and is used as a breeding stock. Plants currently sold by nursery growers mostly are collected from wild stands. Therefore, practical and efficient methods of propagation are necessary to prevent depletion of natural populations.
A capsule of orchids usually holds numerous tiny seeds after successful pollination events (Arditti, 1967) . At the time of capsule maturation, the seed has a thin seedcoat and a globularshaped embryo without an endosperm. In the natural condition, the germination of orchid seeds is dependant on the formation of an association with the appropriate mycorrhizal fungi. Since Knudson's (1922) discovery that orchid seeds can germinate on a culture medium without mycorrhizal fungi, this method has been known as asymbiotic germination and has become a useful propagation technique for most orchids. Nevertheless, seeds of a few genera of terrestrial orchids are still considered difficult to germinate (Kano, 1968) . The causes of low germination may relate to the impermeability of the seedcoat (Lee et al., 2005; Veyret, 1969) or the occurrence of substances inhibitory to germination (Van der Kinderen, 1987; Van Waes and Debergh, 1986a) . Attempts were made to improve germination of terrestrial orchids by pretreating seeds with hypochlorite (Van Waes and Debergh, 1986a) , ultrasound (Miyoshi and Mii, 1988) , and chilling (Chu and Mudge, 1994; Shimura and Koda, 2005) . However, it is not clear whether the improvement in seed germination after various pretreatments is the result of a reduction in the concentration of endogenous inhibitors. In a recent study, high concentration of endogenous abscisic acid (ABA) were found to accumulate in mature seeds of Cypripedium formosanum Hayata, and the exogenous ABA application also suppressed seed germination in vitro (Lee, 2003) . We attempted to gain a better insight into the role of endogenous ABA in orchid seeds, and the relationship between ABA and various pretreatments before germination. The objectives of this study are to 1) document key anatomic features in embryo development, 2) investigate changes of endogenous ABA in developing seeds and mature seeds after pretreatments, and 3) compare the effects of pretreatments on seed germination in vitro.
Materials and Methods
PLANT MATERIAL AND CAPSULE COLLECTION. Plants of C. tricarinata were maintained in the greenhouses at Mei-Fong high-land farm (lat. 24.05#N, long. 121.11#E, 2100 m above sea level), Nantou, Taiwan. The greenhouses were shadowed with a black net to reduce the light intensity by 40%. The plants successively flower from the end of March to early April. Thirty vigorous plants were selected for pollination. For this study, the flowers were labeled and hand-pollinated as soon as they opened; each of the plants had three capsules. Fertilization occurred %65 d after pollination (DAP). Capsules were sampled continuously every 30 d from May to October (60 to 210 DAP).
DETERMINING WATER CONTENT OF DEVELOPING SEEDS. At each sampling stage, there were 20 replicates composed of seeds from those five capsules. Seeds were removed carefully from the placenta and then dried at 70°C for 48 h. The water content was calculated as follows:
water content ð%Þ = ½ðfresh weight -dry weightÞ=fresh weight 3 100:
HISTOLOGIC PREPARATIONS. Developing seeds were collected and fixed in a solution of 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium phosphate buffer, pH 6.8, at 4°C overnight. After fixation, the seeds were dehydrated through a methyl cellosolve (Sigma Chemical Co., St. Louis), 100% ethanol series. The seeds were then infiltrated and embedded in Historesin (Leica, Toronto) as the protocol previously described by Yeung (1999) . Serial sections, 3 mm thick, were cut with glass knives on a Reichert-Jung 2040 Autocut rotary microtome (Reichert-Jung, Vienna, Austria). Histochemical staining of total carbohydrates and protein was performed according to Yeung (1984) . The sections were stained with the periodic acid-Schiff procedure for total insoluble carbohydrates, amido black 10B (Merck KGaA, Darmstadt, Germany) for proteins, and counterstained with toluidine blue O (TBO; Merck KGaA). Red coloration indicated carbohydrates, whereas blue coloration indicated proteins. These preparations were examined and photographed with a light microscope (Axioplan; Carl Zeiss AG, Jena, Germany). Cuticular material can be visualized by stained with 1 mgÁmL -1 of Nile red (Sigma Chemical Co.). After staining for 10 min, the sections were briefly washed in distilled water and then mounted in water containing 0.1% n-propyl gallate (Sigma Chemical Co.), an antifading compound (Yeung et al., 1996) . The fluorescence pattern was examined and photographed using an epifluorescence microscope (Axioplan) equipped with the Zeiss filter set 15 (546/12-nm excitation filter and 590-nm emission barrier filter).
CULTURE MEDIUM. In our preliminary experiments, seeds of most Calanthe R. Br. species germinated well on the medium with quarter strength of macroelements of MS basal salts (Murashige and Skoog, 1962) . Therefore, in this study, quarter strength of macroelements of MS basal salts with full-strength microelements was used for seed germination. The modified MS medium was supplemented with 20 gÁL -1 sucrose, 100 mLÁL -1 coconut milk, and solidified with 2Á2 gÁL -1 Phytagel (Sigma Chemical Co.). The pH was adjusted to 5.7 before autoclaving.
INOCULATION AND CULTURE CONDITIONS. In the germination experiments, each treatment had 20 replicates, which were composed of seeds from five capsules. The capsules were surface-sterilized, in a laminar flow hood, for 30 min in 1% sodium hypochlorite solution containing two drops of a wetting agent (Tween 20; ICI Americas Inc., New Castle, Del.) and then rinsed in sterile distilled water. They were then cut open and seeds were scooped and distributed equally onto the surface of the gelled medium in 20 · 100-mm culture tubes containing 10 mL of the medium. There were %100 seeds per tube. After sowing, the culture tubes were placed in a darkened growth room at 25 ± 2°C.
SEED PRETREATMENTS. For evaluating the effects of different pretreatments, seeds at 210 DAP were collected for the pretreatment experiments. After surface sterilizations, the capsules were dissected and the seeds were scooped out. Both chemical and physical pretreatments used in this study followed previous descriptions (Linden, 1980; Van Waes and Debergh, 1986b) . Chemical methods included soaking the seeds in 1% NaOCl or 1N NaOH, each with two drops of a wetting agent (Tween 20), for 15, 30, 45, or 60 min, respectively. In the control, seeds were soaked only in water. For the physical method, seeds were scooped into tubes with distilled water and treated with an ultrasonicator (200 W, 44 kV, 40 kHz, Branson 8210; Branson Ultrasonic Corp., Danbury, Conn.) for 15, 30, 45, or 60 min, respectively. After the pretreatments, the seeds were rinsed three times with sterilized water and then either placed on the germination medium or subjected to the ABA content analysis. The medium used for the germination test was the same as the culture medium mentioned previously. Each pretreatment had 20 replicates, which were composed of seeds from five capsules; in each replicate, there were %100 seeds evenly placed on the surface of the medium.
DETECTING THE ENDOGENOUS ABSCISIC ACID CONCENTRATION. The procedure for immunoassays of endogenous ABA concentrations in samples followed the descriptions of Lee et al. (1993) . In this investigation, seeds at each developing stage or for different treatments had five replicates. In each replicate, seeds of 0.02 g were homogenized and pestled in a 1.5-mL Eppendorf tube containing an aqua solution with 80% methanol and 2% glacial acetic acid for ABA extraction. For determining ABA concentration of seeds after pretreatments, mature seeds (210 DAP) of 0.02 g were weighed and scooped into a 1.5-mL Eppendorf tube and then soaked in various aqueous solutions for the seed pretreatments. After the pretreatments, the seeds were rinsed three times with sterilized water and then homogenized for ABA extraction. Extraction was carried out at 4°C with continuous shaking for 48 h in darkness. DL-cis, trans-
, as an internal standard, was added to the extraction solution (1.5 mL) at the beginning of extraction for estimating extraction efficiency. Average recovery ranged from 71% to 76%. Extracts were filtered through filter paper, which were then rinsed twice with extraction solution. The filtrates were dried under vacuum at 30°C and then resuspended in 500 mL of 100% methanol. A solution of 0.2 M (NH 4 ) 2 HPO 4 (500 mL) was subsequently added, and the samples were allowed to stand for 10 min at 4°C until ammonium salts formed. Pigments and phenolics in the ammonium salts solution were removed by passing through a polyvinylpyrrolidone (PVP) column (Mousdale and Knee, 1979) . The combined PVP column-filtered solutions were adjusted to pH 3.0 with acetic acid. The acidified solution was eluted through a C-18 cartridge (Whatman, Florham Park, N.J.) to remove polar compounds. ABA trapped in the C-18 cartridge was then eluted with 55% methanol. The ABA solution was brought to dryness under vacuum at 30°C. Samples were resuspended in 200 mL of Tris-buffered saline solution (50 mM Tris HCl, 10 mM NaCl, 1 mM MgCl 2 , 15 mM NaN 3 , pH 7.5) and stored at -20°C for enzyme-linked immunosorbent assay (ELISA) analysis. Quantification of ABA was obtained by indirect ELISA method according to Walker-Simmons (1987) . ABA concentration is expressed as nanograms per milligram of fresh weight.
GERMINATION PERCENTAGE CALCULATION AND STATISTICAL ANALYSIS. Each tube was examined monthly using a Nikon stereomicroscope (10· magnification; Nikon USA, Stamford, Conn.), and germination percentage was scored after 120 d of culture. Germination was defined as emergence of the embryo from the testa. In all experiments, 20 replicates per treatment were arranged in a completely randomized design. Data were analyzed by using analysis of variance (ANOVA) method followed by Duncan's multiple range test (Duncan, 1955) . Data were arsine-transformed before performing ANOVA.
Results

CHANGES IN WATER CONTENT.
Water content of seeds was %90% of fresh weight until 90 DAP (Fig. 1) . At this stage, capsules were green and seeds were moist and attached to the placenta. From 120 DAP to 210 DAP, the water content of seeds progressively decreased. The seeds subsequently detached from the placenta at 180 DAP. At 210 DAP, the water content of mature seeds was %10%.
TIMING OF SEED COLLECTION FOR OPTIMAL IN VITRO GERMINATION. Seeds collected before 90 DAP germinated poorly but thereafter increased to a maximum of %30% at 150 DAP (Fig. 2) . At 150 DAP, the moist seeds remained attached to the placenta. After 150 DAP, seed germination decreased sharply. During this period, the seeds were creamy white and became dry and free from the placenta, a condition that allowed them to be readily shaken onto the media.
STRUCTURAL AND HISTOCHEMICAL STUDY. After fertilization (60 DAP), the zygote was highly polarized with a large vacuole located toward the micropylar end (Fig. 3A) . Inside the endosperm cavity, the polar nuclei and one of the male nuclei formed the endosperm complex; these nuclei disintegrated rapidly as the embryo developed. However, an endosperm was finally degenerated in the seed. In the early globular stage (90 DAP), the suspensor cell began to enlarge by the process of vacuolation (Fig. 3B) . Within the developing embryo proper, starch granules began to accumulate and tended to congregate around the nucleus of the cell. At 150 DAP, the embryo proper had reached its maximum size (190 mm long, 130 mm wide) and mitotic activity seemed to have ceased (Fig. 3C) . At the same time, protein and lipid bodies were formed and accumulated within the embryo proper. At 180 DAP, the mature embryo filled with storage products that was only six cells long and five to six cells wide (Fig. 3D) . Apical meristems and cotyledon were not present. By 210 DAP, desiccation and maturation were completed so that the capsule split from the top end and released the mature seeds. Nile red staining indicated that a thin layer cuticular substance covered the embryo surface and the exposed portion of the suspensor cell (Fig. 3E) . After the embryo achieved maturity (180 DAP), the suspensor had degenerated and the cuticular layer had encompassed the embryo (Fig. 3F) .
The seedcoat was derived from the outer integument, which was only two cells thick. During early embryo development, the outer integuments were highly vacuolated (Fig. 3B) . As the seed matured, a secondary wall was added to the radial and inner tangential walls of the outer layer. At maturity, the cells became dehydrated and compressed into a thin layer (Fig. 3D) . Nile red staining indicated the accumulation of cuticular substance on the outer layer of the seedcoat (Fig. 3E, F) . Moreover, the dehydrated seedcoat also stained blue green with the TBO staining indicating the presence of phenolic compounds in the walls.
The inner integument was composed of two layers of vacuolated parenchyma cells (Fig. 3B) . The cell wall of the inner integument turned a purple color when stained with the TBO stain, suggesting the lack of a secondary wall. The cell wall also reacted negatively to Nile red, indicating the absence of cuticular substance in the walls (Fig. 3E) . As the seed matured, the inner integument dehydrated and was compressed into a thin layer, which enveloped the embryo (Fig. 3D) .
CHANGES IN ABSCISIC ACID CONCENTRATION IN DEVELOPING SEEDS.
At the proembryo stage, the relative lower concentrations of ABA (2.16 to 2.26 ngÁmg -1 fresh weight) were observed between 60 and 90 DAP. As seeds developed further, ABA concentrations continued to increase (Fig. 4) . Maximal ABA concentrations (11.6 ngÁmg -1 fresh weight) in seeds were observed at 210 DAP. A majority of the capsules were also split at this time.
EFFECTS OF PRETREATMENTS ON SEED GERMINATION PERCENTAGE AND ABSCISIC ACID CONCENTRATION OF MATURE
SEEDS. The pretreatments of mature seeds with ultrasound, 1% NaOCl, or 1N NaOH for 15 to 60 min had a marked effect on improving germination percentage and a diminishing of ABA concentrations (Table 1) . In each pretreatment, there was an optimal duration of treatment that could enhance seed germination. Ultrasonic treatment for 45 min caused the greatest germination (34.8%), but treatment for 60 min reduced germination to 27.1%. Extending the soaking duration of 1% NaOCl from 15 to 45 min enhanced germination percentage from 18.3% to 32.4%. NaOCl treatment for 45 min and 60 min were equally effective. Soaking seeds with 1N NaOH also resulted in better germination than the control (20.2% to 31.8%). Among the pretreatments, both 1N NaOH and 1% NaOCl were more effective for reducing ABA of mature seeds (8.7 to 1.8 ngÁmg -1 fresh weight) than ultrasonic treatments (11.1 to 6.2 ngÁmg -1 fresh weight). The regression analyses revealed highly negative correlations between ABA concentrations and germination percentage for ultrasonic treatment (r 2 = 0.89, y = -0.1689x + 12.04) and for NaOCl treatment (r 2 = 0.88, y = -0.2559x + 11.7), whereas such correlation for NaOH treatment (r 2 = 0.66, y = -0.2747x + 11.06) was marginal (Fig. 5) .
Discussion
ABA is known to play an important role in regulating seed embryonic maturation, dormancy, and germination (Bewley and Black, 1985; Koornneef et al., 1989) . In Epipactis helleborine (L.) Crants, a hard-to-germinate orchid species, it has been shown that free ABA concentration in mature seeds was 14-fold greater than that in immature seeds (Van der Kinderen, 1987) . However, there were no reports of the changes in endogenous ABA concentrations during orchid seed development. In C. tricarinata, as the seeds approached maturity, there was a rapid increase in ABA concentration (Fig. 4) . In most plant species, ABA concentration is low in developing seeds at the early stage, reaches the highest concentration during middevelopment, and then declines as the seed undergoes maturation (Goldbach and Michael, 1976; Kawakami et al., 1997; King, 1976) . However, in developing seeds of C. tricarinata, ABA concentration did not undergo a decline, but continued to increase toward maturity. This observed difference in ABA concentration may relate to the unusual pattern of orchid embryo development (e.g., the lack of endosperm formation and the presence of a thin seedcoat). The tiny seed with a globular-like embryo is one of the distinctive features of the orchid family. The seeds of orchids were attached to the placenta of the capsule; their embryos, with endosperm absent, were housed within a thin seedcoat. This thin seedcoat may not be able to prevent water loss from the developing embryo. The observed increase in ABA concentration may relate directly to the progressive decrease in water content. Additionally, in developing embryos, a negative water potential or water stress could lead to an increase in endogenous ABA (Bray and Beachy, 1985; Robertson et al., 1989; Yeung and Brown, 1982) .
Results of this study indicate that the optimal asymbiotic seed germination was obtained at 150 DAP. From the histologic study, the embryo began to mature as it reached its maximum size and storage products were present within the embryo proper at this time. Coincidently, the ABA concentration was relatively low. ABA is an effective inhibitor of germination in immature wheat (Triticum aestivum L.) grain (WalkerSimmons, 1987) , cacao (Theobroma cacao L.) embryos (Pence, 1992) , and rape (Brassica rapa L.) seed (Finkelstein and Crouch, 1986) . In orchids, it has been suggested that high concentrations of ABA occur in seeds that are difficult to germinate such as E. helleborine (Van der Kinderen, 1987) . In this study, the combination of maturing embryo and the low concentrations of ABA at 150 DAP likely contributed to the high germination percentage of C. tricarinata. It has been known that orchid seeds from immature green capsules can readily germinate for several species. Our success in using the immature orchid seeds as the source for asymbiotic seed germination is most likely the result of the combined effect of embryo maturity and low ABA concentrations. In C. tricarinata, seed germination decreased sharply as the seeds were approaching maturity (150 to 210 DAP) and this coincided with increasing ABA concentration, decreasing water content, and the accumulation of seed storage products in seed. This observation suggests a regulatory role of ABA in the embryo development of orchid seeds and the prevention of germination at seed maturity. If ABA inhibits the seed germination of northern temperate orchids, germination can be promoted by leaching of ABA from the seeds or by preventing ABA accumulation in mature seeds. In our preliminary work, however, the application of the ABA synthesis inhibitor ''fluridone'' to orchid capsules failed to promote seed germination (data not presented) similar to the study for maize kernels (Fong et al., 1983) . In C. tricarinata, it was not easy for the fluridone solution to penetrate the seeds when the solution was just applied to the surface of the developing capsules. For ABA leaching, surface sterilization with Ca(OCl) 2 for 2 or 8 h led to no detectable free ABA remaining in seeds of Dactylorhiza maculata (L.) Soo (Van Waes and Debergh, 1986a) . Accordingly, in this report, we pretreated the mature seeds of C. tricarinata with 1% NaOCl, 1N NaOH, or ultrasound to investigate their effects on reducing endogenous ABA and seed germination. With extended duration of each pretreatment, ABA concentrations decreased in seeds (Table 1 ). The decline of ABA concentration after extended durations of pretreatments correlated negatively with the increase in germination percentage (Fig. 5) . However, the extended treatments, i.e., with ultrasound over 45 min or with 1N NaOH over 30 min, may destroy the seeds and resulted in the decline of germination percentage. The enhancement in germination after these pretreatments may reflect the increase in seedcoat permeability or the reducing of germination inhibitors from the seeds. NaOCl, an oxidizing agent, is commonly used for the purpose of surface-sterilizing seeds and may scratch the rigid seeds (Arditti, 1982; Linden, 1980) . As shown in this study, NaOCl may not only serve the role of scarifying the seedcoat, but also demolish the endogenous ABA. Because ABA is a weak acid, apoplastic ABA preferentially diffuses across the plasma membrane into the more alkaline cytoplasm of mesophyll or epidermis cells (Hartung and Slovik, 1991; Wilkinson and Davies, 1997) . According to soaking, seeds with 1N NaOH might shift the pH toward alkaline and thus facilitate the efflux of ABA from seeds to the soaking solutions.
According to Van Waes and Debergh (1986a) , seed germination percentage after pretreatments differed among the orchid species tested. This divergence could be attributed to the varied testa permeability among the species. In contrast to C. tricarinata, our previous report on C. formosanum showed that seed pretreatment appeared to have little influence on improving germination (Lee et al., 2005) . After pretreating with 1% NaOCl for 1 h, the mature seeds of C. formosanum still floated on the solution, showing their sturdy hydrophobic character. It is interesting to compare the detailed outline of Nile red staining of the seedcoat of the two species. In C. tricarinata, only one layer of cells with fluorescence was detected in the outer walls of the seedcoat, whereas both the outer and inner layers of the seedcoat fluoresce strongly in C. formosanum. The additional cuticular substance may make the testa more rigid and resistant to various seed pretreatments.
In conclusion, our results indicate a negative correlation between the concentrations of endogenous ABA and rates of seed germination, which support the supposition that high endogenous ABA concentrations are associated with the poor seed germination (Van der Kinderen, 1987) . In addition, we may infer that the effect of these pretreatments on improving germination of mature seeds could be the result of the increased seedcoat permeability or the lowering of ABA in seeds. In the present study, the goal of improving seed germination of the hard-to-germinate species, C. tricarinata, was attained. Either collecting the immature seeds at 150 DAP or pretreating the mature seeds could improve asymbiotic seed germination of C. tricarinata.
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